This paper proposes a rehabilitation assitant system equipped with a capacitor sensor array (CSA) for persons exhibiting upper-extremity motor impairments. The CSA utilizes mutual capacitance to quantize patients' hand motions on a rehabilitation activity board. The rehabilitation board is equipped with an accelerometer to detect the slope of the activity board, since different inclinations of motions may affect the motor quality post trauma. A microcontroller -a Texas Instruments MSP430FR2633 -is used to measure capacitance. A secondary microcontroller -an ATmega 328P with the Arduino firmware -is used to retrieve capacitive sensor and accelerometer data, and transfer data via Bluetooth to a web capable edge device. The edge device hosts a webpage displaying the patient's hand positions and the slope position of the activity board to enable visual feedback during and after rehabilitation sessions.
INTRODUCTION
More than a million individuals in the U.S. are hospitalized annually due to brain injuries, spinal cord injuries, and new or recurring strokes [1, 4, 6] . Trauma as a result of stroke or physical injury typically involves a long-term rehabilitation process. The main purpose of this research is to re-engineer a rehabilitation activity board to construct a low cost and portable rehabilitation system that benefits Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. both the rehabilitation facility and patients. A picture of the original rehabilitation activity board is shown in Figure 1a . Indium tin oxide (ITO) films are widely used for capacitive touch screen panel fabrications due to its transparency, low cost, and conductivity [2] . Those characteristics make ITO a perfect candidate to construct a low cost mutual CSA. In this project, a microcontroller -a Texas Instruments MSP430FR2633 -is used to sense the capacitance change when a touch occurs on the activity board. Existing literature has investigated various design patterns of capacitive touch sensors such as diamond-shaped pattern, snowflake-shaped pattern, and fork-shaped pattern [2, 3] . In this initial prototype of the project, a conventional single layer diamond-shaped pattern is adopted and investigated. The single layer 4 X 5 capacitive sensor array, shown in Figure 1b , is created with the transparent ITO material.
In addition to sensing capacitance on the rehabilitation board, the slope of the board is also monitored. Post trauma, a patient may experience trouble in performing certain movements on the equipment when the slope of the activity board rises more sharply. The slope detection of the rehabilitation equipment is determined using a 3-axis accelerometer on the surface of the activity board. The MSP430 scans the sensor array and measures the capacitance at geometrically distributed points. A host microcontroller is used to retrieve capacitive sensor data from the MSP430 through I2C and obtain angle readings from the accelerometer. After processing, the data is transmitted to a Linux-based device, Raspberry Pi (RPi), via Bluetooth. An overview of the system is given in Figure 2 . This paper is organized in four sections. The following section discusses the implementation of the proposed system, followed by some preliminary test results of the system. The last section will conclude the paper and discuss the future work.
IMPLEMENTATION
For this prototype, the mutual capacitive sensor array is constructed with ITO-coated polyethylene terephthalate (PET) films. The sheet resistance of the PET films is 350-500 Ω/sq [8] . Both the transmitter and receiver lines of the capacitive sensors are built on the same layer to reduce cost. Each line of the transmitter and receiver sensors is electrically connected by copper tape. The copper tape currently facilitates conductivity to the extremes without having to propagate charge through the ITO PET. In the future, laser ablation will be considered to remove conductive material with high precision. We choose four lines of receiver (RX) electrodes in the sensor design to utilize all of the parallel receive measurements that the MSP430 can process simultaneously [7] . The microcontroller senses the capacitance changes of the sensor array when proximity or touch occurs in arbitrary units called "counts", with a scan rate of 50 Hz. Change in the "counts" with respect to long-term average (LTA) value of each sensor can be identified as a touch or proximity event, specified at a location. The trade-off in the scan rate selection is between the fast scan response and low power consumption [7] . The data collected by the Arduino is converted to RGB values for visualization, and transmitted to the RPi. The RPi hosts a web server written in Python. The RGB values of the sensors displayed on the website are updated by javascript. The color density visualizes the capacitance created by the hand above the array.
RESULTS
During a rehabilitation session, a patient may perform swipe-like motions horizontally, vertically, or diagonally on a rehabilitation board. A swipe upwards gesture is performed on a revised rehabilitation activity board, shown from left to right, on the top of Table 1 . The system captured all the downwards swipes and four out of five upwards swipes. The activity board slope position is obtained by an accelerometer. During the test, the rehabilitation board is set horizontally on the test bench.
CONCLUSION AND FUTURE WORK
The prototype system is able to detect proximity, touch, and hand motions. Multi-touch is supported, which enables the system to recognize complex hand movement trajectories. The future work involves applying hand gesture recognition algorithm published in [5] to detect the patient's rehabilitation motions. The ultimate goal of the project is to develop a sensing methodology for detecting the recovery progress of a patient by analyzing physical attributes of the motions. This will help reduce the workload of medical professionals at rehabilitation facilities, as well as curtail the cost of rehabilitation process for patients.
